The dorsal anterior region of the follicle cells (FCs) in the developing Drosophila egg gives rise to the respiratory eggshell appendages. These tubular structures display a wide range of qualitative and quantitative variations across Drosophila species, providing a remarkable example of a rapidly evolving morphology. In D. melanogaster, the bone morphogenetic protein (BMP) signaling pathway is an important regulator of FCs patterning and dorsal appendages morphology. To explore the mechanisms underlying the diversification of eggshell patterning, we analyzed BMP signaling in the FCs of 16 Drosophila species that span 45 million years of evolution. We found that the spatial patterns of BMP signaling in the FCs are dynamic and exhibit a range of interspecies' variations. In most of the species examined, the dynamics of BMP signaling correlate with the expression of the type I BMP receptor thickveins (tkv). This correlation suggests that interspecies' variations of tkv expression are responsible for the diversification of BMP signaling during oogenesis. This model was supported by genetic manipulations of tkv expression in the FCs of D. melanogaster that successfully recapitulated the signaling diversities found in the other species. Our results suggest that regulation of receptor expression mediates spatial diversification of BMP signaling in Drosophila oogenesis, and they provide insight into a mechanism underlying the evolution of eggshell patterning.
Introduction
The Drosophila eggshell is an established model system for studying how tissue patterning and morphogenesis are controlled by cell signaling pathways (Berg, 2005; Horne-Badovinac and Bilder, 2005) . The eggshell surrounds and shelters the developing embryo, while at the same time allows for gas exchange through a posterior aeropyle and tube-like structures called dorsal appendages (DAs). The positions, shapes, and numbers of DAs vary considerably across Drosophila species (Hinton, 1981) providing an excellent system to study the mechanisms governing the evolution of eggshell patterning.
The eggshell is derived from the follicle cells (FCs), a twodimensional layer of epithelial cells engulfing the developing oocyte (Berg, 2005; Horne-Badovinac and Bilder, 2005) . Follicle cells' patterning and cell-fate determination are regulated by numerous signaling pathways, including the epidermal growth factor receptor (EGFR) and bone morphogenetic protein (BMP) (Deng and Bownes, 1997; Hackney et al., 2007; Neuman-Silberberg and Schupbach, 1994; Peri and Roth, 2000; Ward et al., 2006; Yakoby et al., 2008b) . Recently, the Matsuno group analyzed the EGFR signaling dynamics in the FCs of multiple Drosophila species and found that the number of EGFR signaling domains correlate with the number of future DAs; however, the origin of EGFR signaling diversity is still unknown (Kagesawa et al., 2008) .
We explored the second major pathway responsible for FCs' patterning, BMP signaling, and we hypothesized that the mechanism governing signaling dynamics in D. melanogaster is conserved in the FCs of other species. In the FCs of D. melanogaster, BMP signaling is initially distributed along the anterior-posterior (AP) axis, and later it acquires a pattern with dorsal ventral (DV) polarity. This AP-to-DV transition depends on the dynamic patterning of the type I BMP receptor thickveins (tkv) (Lembong et al., 2008; Lembong et al., 2009; Mantrova et al., 1999; Yakoby et al., 2008b) .
In the FCs of D. melanogaster, genetic perturbations of BMP signaling during mid-oogenesis have been associated with changes in the eggshell's structures including the operculum size, and in the positions, shapes, and numbers of DAs (Chen and Schupbach, 2006; Deng and Bownes, 1997; Dequier et al., 2001; Dobens and Raftery, 1998; Peri and Roth, 2000; Shravage et al., 2007; Twombly et al., 1996; Yakoby et al., 2008b) . In our study, using 16 species that represent major clades in the genus Drosophila and have eggshells with different shapes and numbers of DAs ( Fig. 1) , we showed that while the early pattern of BMP signaling is similar in all species, late patterns are spatially diverse. In most species, similar to D. melanogaster, the diversity of BMP signaling correlates with the dynamics of tkv patterning. Furthermore, by ectopically expressing tkv in the FCs of D. melanogaster, we can recapitulate these diversities, suggesting that spatial modifications in tkv patterning are sufficient to diversify BMP signaling in Drosophila oogenesis.
Materials and methods

Flies
The following Drosophila species were used in this study: Other fly species were maintained on a cornmeal medium at room temperature. Activated yeast was added to the fly food 24 h prior to dissections and egg collections. Additional fly stocks used in this study were rho-GAL4 (a gift from F. Hassinger and C. Berg), CY2-GAL4 (Queenan et al., 1997) , br-GAL4 (a gift from H. Cui and L. Riddiford), UAS-tkv RNAi (VDRC), UAS-tkv1-3B3 (a gift from M. O'Connor). Expression of tkv in a domain that is adjacent to the BR cells was carried out by UAS-tkv1-3B3 driven by rho-GAL4. Uniform expression of tkv was carried out by UAS-tkv1-3B3 driven by CY2-GAL4. Depletion of tkv in the BR domain was carried out by UAS-tkv RNAi driven by br-GAL4. As a control, drivers were crossed with a UAS-EGFP fly (Halfon et al., 2002) and sister flies containing a heterozygous driver. The effects on morphology and tissue patterning were monitored.
Gene cloning
RNA was extracted from ovaries using a RNeasy Mini kit (Qiagen). cDNA for each species was synthesized using a Taqman kit (Roche) as previously described (Goentoro et al., 2006; Yakoby et al., 2008b) . An approximately 1 kb partial tkv gene was amplified from D. willistoni's cDNA using forward 5′ GGAGAATGGCGGACTATTGA 3′ and reverse 5′ CGTGTGTTCTGGGCAATATG 3′ primers. Other partial tkv genes were amplified from species-specific cDNAs using forward 5′ AGYAAYG-GHACCTGCGAGAC 3′ and reverse 5′ GYGKATTCTGYGCAATGTGRAT 3′ primers. PCR reactions were done using a MJ Mini (BioRad) thermocycler. PCR products were cloned using a StrataClone PCR Cloning kit (Stratagene). Plasmids were extracted with a QIAprep spin Miniprep kit (Qiagen). Isolated genes were sequenced (GeneWiz) and compared to the sequences of tkv (FlyBase). The sequences of all tkv genes were included (Fig. S7) .
Immunoassay, in situ hybridization, and microscopy Ovary dissection and fixation were carried out as previously described (Yakoby et al., 2008b) . Primary antibodies: sheep anti-GFP (1:2000, Biogenesis), mouse anti-BR core (25E9.D7; 1:100, DSHB), rabbit anti-phosphorylated-Smad1/5/8 (1:3600, a gift from D. Vasiliauskas, S. Morton, T. Jessell and E. Laufer) (Yakoby et al., 2008b) . DAPI (1:10,000). Secondary antibodies: 488 anti-mouse, 568 anti-rabbit, and 488 anti-sheep (Invitrogen) were used (1:1000). An in situ hybridization was performed as previously described (Wang et al., 2006; Yakoby et al., 2008b) . Based on the cloned partial tkv genes, RNA DIG-labeled probes were synthesized (Yakoby et al., 2008b) . Egg chambers were imaged using a Leica DM2500 compound microscope. Eggshells for SEM imaging were collected from agar plates and placed on SEM stubs using double-sided carbon tape. Next, eggs were frozen in liquid nitrogen, lyophilized for 2 h, coated with gold palladium for 45 s, and imaged using a LEO 1450EP.
Drosophila phylogentic analysis
In order to determine the evolutionary relationships among species, we trimmed down the 1 kb tkv clones to about 0.8 kb orthologous regions by removing the primers' regions from all sequences and performing an alignment using MUSCLE (Edgar, 2004) . Once the region was established, a phylogenetic analysis was carried out using Phylogeny.fr (Dereeper et al., 2010 (Dereeper et al., , 2008 which utilized PhyML for phylogeny and TreeDy for tree rendering (Chevenet et al., 2006; Guindon and Gascuel, 2003) . We rooted the tree to the orthologous tkv region of the mosquito Aedes aegypt (Genbank). The corresponding sequences of all 16 Drosophila species and the one from the mosquito are included (Fig. S7) . Numbers shown on the tree (Fig. 6) are maximum likelihood ratio values.
Results
The pattern of BMP signaling is dynamic and diverse in the FCs of 16 Drosophila species
We monitored BMP signaling by using an antibody against the phosphorylated form of the intracellular mediator MAD (P-MAD) (Yakoby et al., 2008b) . In D. melanogaster, early BMP signaling is exclusively along the anterior-posterior (AP) axis and appears on the oocyte-nurse-cells' border in an anterior stripe (Yakoby et al., 2008b) . This pattern can be explained by a locally secreted ligand and a uniform receptor. The early patterns of BMP signaling (stage 10A) are similar in all 16 Drosophila species ( Fig. 2A , G, M, S and Fig. S1A-D) .
In D. melanogaster, the intermediate stage of egg development (stage 10B) is characterized by the detection of three to four rows of dorsal midline cells with BMP signaling (Fig. 2B) (Yakoby et al., 2008b) . Interestingly, the pattern of signaling during the transition stage from AP to DV polarity is diverse. Of note, the BMP signaling patterns are symmetric on both sides of the dorsal midline (arrowhead), and in cases when the signaling pattern appears in two domains, we marked only one of them by a yellow arrow. For example, in D. busckii and D. virilis, the pattern of signaling appears in two domains (Fig. 2H , T). Additional complexity was found in D. guttifera; the signaling domain diminishes on the dorsal anterior domain (Fig. 2N ). We found similar patterns in the other Drosophila species at stage 10B ( Fig. S1A-D) .
To identify the spatial distribution of late BMP signaling (stages 11/ 12), in addition to P-MAD, we co-stained FCs for an established marker of DA forming cells. Specifically, in D. melanogaster, DAs are formed by two non-overlapping groups of cells. One group is marked by the zinc-finger transcription factor Broad (BR), expressed in two dorsolateral patches on both sides of the dorsal midline (Deng and Bownes, 1997) . These cells will form the top of the DA (Ward and Berg, 2005) . The other group is marked by a protease in the EGFR signaling pathway, rhomboid, which is expressed in the cells adjacent to the BR domain (Ruohola-Baker et al., 1993) . These cells will form the bottom of the DA (Dorman et al., 2004) .
Late patterns of BMP signaling varied as well, and altogether we identified four unique classes of P-MAD in the 16 Drosophila species tested in this study ( Fig. 2 and Fig. S1A-D) . Of note, P-MAD and BR patterns are symmetric on both sides of the dorsal midline (arrowhead); therefore, we marked only one of the patches in all imaged egg chambers (solid yellow line marked the P-MAD domains, and broken red line marked BR domains). We were particularly interested in determining the overlapping area between the two domains (P-MAD and BR) in all species. The first class includes the established pattern of P-MAD in D. melanogaster, two dorsolateral patches on both sides of the dorsal midline (Fig. 2C) . In this class, P-MAD overlaps the anterior portion of the BR patch ( Fig. 2D-F) , and it includes four species: D. melanogaster, D. yakuba, D. pseudoobscura (Sophophora subgenus), and D. funebris (Drosophila subgenus) (Fig. S1A ).
In the second patterning class, the pattern of P-MAD appears in two dorsolateral patches (Fig. 2I) ; however, we detected P-MAD outside of the BR domain ( Fig. 2J -L, and Fig. S1B ). Specifically, while P-MAD overlaps the anterior domain of BR, it is also found in the adjacent domain ( Fig. 2J′ pointed by a white arrow). This class includes four species from three different subgenera: D. nebulosa and D. willistoni (Sophophora subgenus), D. busckii (Dorsilopha subgenus), and D. nasuta (Drosophila subgenus) (Fig. S1B) . A further distinct pattern was found in the third class, and it includes flies with three DAs' eggshells, D. phalerata and D. guttifera (Drosophila subgenus) (Fig. 1H, I ). These flies have only a single BR domain in the midline that marks the future middle dorsal appendage. Interestingly, BMP signaling is absent from this domain in D. guttifera ( Fig. 2O-R ) and in D. phalerata (Fig. S1C ). In the last patterning class, P-MAD overlaps the anterior portion of the BR domain, and it is also present in the domain adjacent to the BR expressing cells (Fig. 2U-X and Fig. S1D ). This group includes D. virilis, D. ezoana, D. mojavenesis, D. mercatorum, D. littoralis and D. borealis. All six species are part of the virilis repleta groups within the Drosophila subgenus (will be further discussed in Fig. 6 ).
In all 16 species, the anterior domains of P-MAD have two patterning types. Specifically, in the first three classes, the dorsal portion of the anterior stripe-shaped domain of P-MAD is absent during late stages of signaling (Fig. 2C , E, I, K, O, Q and Fig. S1A-C) . In contrast, in the last group, BMP signaling remains in an anterior stripe during late signaling (Fig. 2U, W and Fig. S1D ). In summary, we observed that while early BMP signaling is similar in all 16 species, late patterns vary and can be assigned to four distinct classes.
The expression of tkv correlates with the spatial pattern of BMP signaling in multiple Drosophila species
In D. melanogaster, it was previously established that dynamic expression of tkv controls the dynamics of BMP signaling (Yakoby et al., 2008b) ; therefore, we aimed to determine whether spatial modifications in tkv patterning can be correlated with the patterns of BMP signaling found across Drosophila species. We cloned an approximately 1 kb partial cDNA of tkv genes from all 16 species. Using in situ hybridization, we discovered the patterns of tkv in the FCs of all Drosophila species. We showed patterning data from three developmental stages that represent the parallel egg chambers' morphologies in D. melanogaster (Spardling, 1993) . These stages reflect the uniform and non-uniform expression patterns of tkv in D. melanogaster (Mantrova et al., 1999; Yakoby et al., 2008b) .
The early pattern of tkv is uniform in all 16 species (Fig. 3A-D and Fig. S2A, B) . This observation is consistent with the fact that in all species the early pattern of P-MAD is an anterior stripe (Fig. 2) . In contrast, the late patterns of tkv vary across species; of note, stage 10A and stages 10B/ 11 are similar in the vast majority of species (Fig. 3E-L and Fig. S2A, B) , thus we focused on the latter. Similar to the four BMP signaling patterning classes, we identified four classes of tkv expression. Out of these classes, three are patterned (Fig. 3E -G, I-K and Fig. S2A ), and one is uniformly expressed (Fig. 3H, L and Fig. S2B ). The first class is represented by the pattern of tkv in D. melanogaster. In this case, tkv is expressed in an anterior stripe that is absent from the dorsal domain, and in two dorsolateral patches on both sides of the dorsal midline (Fig. 3I, I′ ) (Mantrova et al., 1999; Yakoby et al., 2008b) . Other species in this class are D. yakuba, D. pseudoobscura, and D. funebris (Fig. S2Ah-j and o-q) .
Species in the second class have a tkv pattern similar to that found in D. melanogaster. This group includes D. nebulosa, D. willistoni, D. busckii, and D. nasuta (Fig. 3F , J, and Fig. S2Ak-m and r-t) . In these species, tkv overlaps the BR domain, and in addition it is found in the adjacent domain (Fig. 3J, J′) . This was determined by staining the cells with DAPI (a DNA binding dye) and counting the number of cells between the patterns of tkv, P-MAD, and BR patches to the anterior end of the FCs. In these cases, the number of cells is similar between the tkv and P-MAD patches, but smaller than the number of cells between the BR patches and the anterior end of the FCs due to additional cells expressing tkv in an anterior domain to the BR expressing cells (not shown). Of note, in D. nebulosa, D. willistoni, and D. nasuta, tkv expression is absent from the dorsal domain (Fig. S2Ak-m) , and only later tkv is expressed in a dorsolateral pattern with two domains on both sides of the dorsal midline ( Fig. S2Ar-t) .
The third patterning class comprises species with three DAs' eggshells (Fig. 1H, I ). In D. guttifera and D. phalerata, the pattern of tkv is absent from the future middle dorsal appendage domain, but it is still present in an anterior stripe that is absent from the dorsal domain (Fig. 3K,K′ and Fig. S2Au ). The last class includes species from the virilis repleta groups in the Drosophila subgenus. In contrast to the other three classes, late patterns of tkv are uniform in all FCs (Fig. 3L,L′ and Fig. S2B ). In summary, we observed that while early tkv expression is similar in all 16 species, late patterns are diverse and can be assigned to four distinct classes.
Genetic perturbation of tkv expression in D. melanogaster can recapitulate the BMP signaling patterns observed in other species
In the FCs of D. melanogaster, the expression of tkv is necessary for BMP signaling (Lembong et al., 2008; Yakoby et al., 2008b) . We hypothesized that changes in the expression pattern of tkv are sufficient to account for the diversity in BMP signaling found across Drosophila species. To determine if tkv is not only necessary but also sufficient to diversify signaling, we used the UAS/GAL4 system (Duffy, 2002) to ectopically express/deplete tkv in specific domains, and we monitored the corresponding changes in P-MAD.
In the second patterning class, the patterns of P-MAD overlap the BR expressing cells and the adjacent domains (Fig. 2J′) . Using a rho-GAL4 driver, we ectopically expressed tkv in the cells adjacent to the BR domain ( Fig. S3a and Fig. S4a, b) and successfully modified the pattern of P-MAD in D. melanogaster to a pattern similar to that found in D. nasuta (Fig. 4A, A′, B, B′) . Specifically, the P-MAD domain (Fig. 4A′ , B′ denoted by a yellow line) partially overlaps with the BR domain (Fig. 4A′ , B′ denoted by a red broken line) and also appears in the adjacent domain (Fig. 4A′ pointed by a white arrow) . Our third patterning class lacks BMP signaling on the BR domain (Fig. 2P′) . We reasoned that depleting tkv from the dorsolateral patches would transform D. melanogaster's P-MAD pattern into a pattern that is found in D. guttifera (Fig. 2R) . Using a br-GAL4 driver (Zartman et al., 2008) , we expressed a UAS-tkvRNAi in the BR domain, and indeed we lost tkv (Fig. S3b) and P-MAD in these domains (Fig. 4C, C′) . This pattern is similar to the pattern of P-MAD in D. guttifera (Fig. 4D, D′) .
In the fourth patterning class, BMP signaling acquires DV polarity (Fig. 2U) ; however, tkv remains uniform in all FCs during late developmental stages (Fig. 3L) . Dividing the pattern of BMP signaling into two separate domains, anterior and dorsolateral, we hypothesized that the anterior portion of BMP signaling is achieved by the uniform expression of tkv and an anteriorly secreted DPP. Testing this hypothesis, we used the CY2-GAL4 driver (Queenan et al., 1997) to express tkv uniformly in the FCs of D. melanogaster (Fig. S3c) . As expected, we successfully recapitulated the anterior pattern of P-MAD that is found in Fig. 2 . Diversity of BMP signaling in Drosophila species. BMP signaling is detected by antibodies against P-MAD (green). (A, G, M, S) In all species at stage 10A (S10A), the pattern of P-MAD has an anterior stripe (denoted by white brackets) along the nurse cells and oocyte border (showing the dorsal side of the pattern). (B, H, N, T) In all species at S10B, the pattern of P-MAD has dorsal ventral polarity seen as dorsal midline with additional P-MAD cells (B), two domains (H, one of the domains is denoted by a yellow arrow), dorsal depletion (N), and two dorsolateral domains (T). Midline is marked by an arrowhead. In all images, yellow solid lines marked only one of the dorsolateral P-MAD domains and red broken lines marked only one of the BR domains. At S11/12, we focused on the overlap between the two domains. the virilis repleta groups in D. melanogaster (Fig. 4E, E′, F, F′) . In summary, our results support a model by which tkv is sufficient to diversify BMP signaling in the dorsal domain (Fig. 4G) .
(C) The pattern of P-MAD in D. melanogaster appears in two dorsolateral patches (one patch was denoted by a yellow line) on both sides of the dorsal midline (white arrowhead). (D) Overlay of P-MAD pattern (denoted by a yellow line) and BR (denoted by a red broken line). The pattern of P-MAD overlaps the anterior portion of the BR domain. (D′) An enlarged image of D. Schematic representation of the pattern in (E) dorsal and (F) lateral views. (I) P-MAD in D. busckii appears in two dorsolateral patches on both sides of the dorsal midline (one patch was denoted by a yellow line). (J) Overlay of P-MAD and BR. P-MAD overlaps the anterior portion of the BR domain, and it appears in the adjacent domain. (J′) An enlarged image of J (thick white arrow points at the P-MAD domain that does not overlap the BR cells; these cells remain green). Schematic representation of the pattern in (K) dorsal and (L) lateral views. (O, P) Pattern of P-MAD in D. guttifera is absent from the BR domain and its enlarged image (P′). Schematic representation of the pattern in (Q) dorsal and (R) lateral views. (C, I, O) The anterior pattern of P-MAD is cleared from the dorsal anterior domain and appears as an open stripe (thin white arrow denotes one side of the open stripe). (U) The pattern of P-MAD in
Depletion of the late pattern of tkv deforms DAs morphology
Perturbations in BMP signaling have been associated with deformations in operculum size and in the number of DAs (Chen and Schupbach, 2006; Dequier et al., 2001; Dobens and Raftery, 2000; Peri and Roth, 2000; Shravage et al., 2007; Twombly et al., 1996; Yakoby et al., 2008a) . These perturbations affect early stages of BMP signaling. To address the role of late BMP signaling in eggshell morphogenesis, we used the br-GAL driver to express a UAS-tkvRNAi to deplete tkv in the BR-expressing cells. In this background, less than 10% of the eggshells have a wild type morphology (Fig. 5A ) and over 90% are deformed and appeared to have short DAs or short and rest flat on the operculum (Fig. 5B, C) . Interestingly, about 50% of early P-MAD patterns are somehow perturbed in the anterior domain (Fig. 5D, E) and about 50% appear wild type (Fig. 5G, H) . Of note, although the pattern of P-MAD is absent sporadically from a few cells in the anterior domain, it is not sufficient to affect BR patterning, and we cannot find any changes in the pattern of early BR expression (Fig. 5D, E, G, H) . In contrast, P-MAD is abolished on the dorsolateral patches of all egg chambers at stage 11 (Fig. 5F, F′) , and the migration of BR cells seems delayed in comparison to the wild type's pattern (Fig. 5F′ and Fig. S6k, l) . The delayed migration of BR cells could account for the shorter DAs. We propose that the variability seen in eggshells' morphology and the patchy loss of anterior P-MAD could be due to the diverse expression patterns of the br-GAL4 driver (Fig. S4c-h) . No obvious changes in DAs' morphology were observed in rho N tkv, CY2N tkv, br N GFP, UAStkvRNAi, and br-GAL4 eggshells (Fig. S5 ). In addition, we could not detect any changes in BR dynamics in the rhoNtkv and CY2Ntkv backgrounds (Fig. S6) .
Phylogenetic analysis of Drosophila species
In genus Drosophila, the evolutionary relationship between species is not well characterized leading to phylogenetic discrepancies among species (Markow and O'Grady, 2006) . Here, to further understand the relationships among Drosophila species, we took advantage of the 16 orthologs sequences of tkv genes that were cloned in this study. Specifically, based on an orthologous region of tkv genes (Fig. S7) , we employed a maximum likelihood based tool (Dereeper et al., 2010 (Dereeper et al., , 2008 to create a phylogentic tree representing the relationship among 10 non-sequenced and 6 sequenced Drosophila species. We rooted the tree to the yellow fever mosquito Aedes aegypti (for more details see M&M). Our results clustered the species into their respective subgenera, sections, and groups (Fig. 6) , that was found to be concurrent with the available data (flybase.org). Specifically, our tkv-based analysis reinforces the clustering of species within the melanogaster, obscura, willistoni, quinaria, guttifera, repleta, and virilis groups. Notably, the analysis of tkv agrees with the branching of the virilis repleta groups (marked by a star); the group in which tkv remains uniform in all FCs (Fig. 3D, H, L and Fig. S2B ). Of note, slight changes in parameters may lead to differences in tree topology; thus, additional sequence analyses are needed to definitively determine the relationship between these species.
Discussion
BMP signaling diversity is mediated by the pattern of tkv
In FCs of D. melanogaster, dynamics of BMP signaling are regulated by the dynamics of tkv (Mantrova et al., 1999; Yakoby et al., 2008b) . In most Drosophila species, a correlation between tkv expression and BMP signaling dynamics was found (Figs. 2 and 3) . Remarkably, ectopic expression/depletion of tkv was sufficient to diversify BMP signaling in D. melanogaster (Fig. 4) . These perturbations successfully transformed the pattern of BMP signaling found in D. melanogaster into the diverse patterns of BMP signaling naturally found across Drosophila species, supporting the claim that tkv plays a major role in specifying the distribution of BMP signaling in the FCs. In D. melanogaster, a similar mechanism restricts the distribution of BMP signaling in wing and haltere imaginal discs (Crickmore and Mann, 2006) .
In D. melanogaster, the dynamics of tkv are regulated jointly by BR and BMP signaling (Deng and Bownes, 1997; Lembong et al., 2009; , and the modifications in the distribution of P-MAD patterns (yellow line) related to the BR domain (red broken line), all in lateral views. More details on schematics can be found in caption for Fig. 2 . Numbers represent the egg chambers' counts seen for each phenotype. Yakoby et al., 2008b) . Thus, the late patterns of BR, TKV, and P-MAD are observed in a similar group of cells. Surprisingly, in some species, the pattern of P-MAD correlated with the pattern of tkv; however, these patterns did not fully overlap the BR domain. Specifically, in addition to overlapping the BR domain, tkv was expressed in the adjacent cells that lacked BR expression. We propose that, in addition to being regulated by BR and BMP signaling, tkv is also regulated by transcription factors that are expressed in the adjacent domain such as Jra and Fos/Kayak (Dequier et al., 2001; Tran and Berg, 2003) .
Of particular interest are species with three DAs' eggshell, due to the absence of tkv from the BR domain. We suggest that this signaling pattern provides an example for decoupling of the regulation of tkv by BR from its regulation by BMP signaling (Lembong et al., 2009; Yakoby et al., 2008b) . We propose a model by which tkv is regulated by BMP signaling (anterior); however, it lost its regulation by BR. Of note, the mechanism governing tkv patterning is still unknown, and the established tkv enhancer trap in the Drosophila wing (Entchev et al., 2000) failed to recapitulate the patterns of tkv in the FCs. Thus, our proposed modifications in tkv regulation remain to be experimentally validated.
In the virilis repleta groups, tkv can partially account for the pattern of BMP signaling
In D. melanogaster, early BMP signaling appears as an anterior stripe, reflecting the anterior secretion of the ligand DPP that signals through a uniformly expressed tkv receptor (Mantrova et al., 1999; Twombly et al., 1996; Yakoby et al., 2008b) . Thus, in species from the virilis repleta groups, the uniform expression of tkv could account for the anterior stripe domain of late BMP signaling (Fig. 2W) . Indeed, ectopic expression of tkv in all FCs prevented the dorsal anterior repression of BMP signaling in D. melanogaster, which was consistent with the pattern found in flies from the virilis repleta groups (Fig. 4) .
In the first three patterning classes, spatial modifications in the late patterns of tkv provided a reasonable explanation for the diversity in late patterns of BMP signaling (Fig. 3) . In the virilis repleta groups, late expression of tkv was uniform in all FCs; at the same time, BMP signaling was patterned (Figs. 2V and 3L ). While we cannot exclude the possibility that a second copy of tkv is present in the nonsequenced species, we propose that in these species other BMP components have evolved to gain control of BMP signaling dynamics. In D. melanogaster, the disruption of saxophone (sax), a type I BMP receptor, deformed operculum size and DAs' morphologies (Twombly et al., 1996) . Thus, SAX is a potential regulator of the BMP signaling dynamics in the virilis repleta groups. Also, additional mechanisms were shown to regulate BMP signaling across animals including intracellular and extracellular inhibitors, co-receptors, levels of ligand expression, combinations of ligands, and interactions with other signaling pathways (Abzhanov et al., 2004; Araujo and Bier, 2000; Bangi and Wharton, 2006; Chen and Schupbach, 2006; Crickmore and Mann, 2006; Deng and Bownes, 1997; Dequier et al., 2001; Goltsev et al., 2007; Peri and Roth, 2000; Twombly et al., 1996; Yakoby et al., 2008b) . These mechanisms should be studied systematically in order to determine which BMP component controls the DV phase of signaling in these species. . Late BMP signaling phase is involved in DAs morphogenesis. SEM micrographs of eggshells from flies with depleted tkv on the BR domains (br N tkvRNAi) generated three phenotypes: (A) wild type-like dorsal appendages (DAs) (9.7%), (B) short DAs (23.7%), (C) short DAs that rest flat on the operculum (66.6%). Overlay of P-MAD (green) and BR (red). In˜50% of egg chambers at stage 10A (D) and 10B (E) the anterior pattern of P-MAD was disrupted (denoted by a star). (F, F′) In all stage 11 egg chambers, the pattern of P-MAD was abolished on both sides of the dorsal midline (white broken lines denoted the BR domains), and the anterior domain of P-MAD remained intact (white arrow). (G, H) In this perturbation, 50% of the egg chambers at stages 10A and 10B had a wild type-like pattern of P-MAD. White arrowhead denotes dorsal midline. Numbers represent the eggshells and egg chambers' counts seen for each phenotype. . Drosophila phylogenetic analysis. The phylogenetic relationship among 16 species of the genus Drosophila is based on their corresponding sequences of tkv genes (S7). The species are divided into three subgenera: Sophophora (blue), Dorsilopha (red), and Drosophila (green). Within their subgenera, the clustering of species into specific groups is supported (black brackets). The tree is rooted by the corresponding tkv sequence of yellow fever mosquito Aedes aegypti. The branch of the virilis repleta groups is marked by a star. Numbers on the branch length are proportional to the estimated evolutionary divergence determined by PhyML program; the scale bar represents the number of substitutions per site (for more details please see Materials and methods). Numbers shown on the tree are maximum likelihood ratio values, and only values over 0.5 are included.
Eggshell morphology is differentially regulated by the two phases of BMP signaling
In D. melanogaster, the early phase of BMP signaling prevents the anterior domain of the follicle cells from acquiring DA cell fate. This mechanism is based on the inhibition of br expression by the anterior BMP signaling (Chen and Schupbach, 2006; Deng and Bownes, 1997; Lembong et al., 2009; Yakoby et al., 2008b) . Thus, it is not surprising that disruption of early BMP signaling is associated with eggshell deformations including modifications in the numbers and shapes of DAs (Chen and Schupbach, 2006; Dequier et al., 2001; Dobens and Raftery, 2000; Shravage et al., 2007; Twombly et al., 1996; Yakoby et al., 2008b) . Due to the high sensitivity of the eggshell's structures to changes in BMP signaling, we speculate that small differences in early BMP signaling could guide the natural variations in numbers and shapes of DAs found across Drosophila species.
In D. melanogaster, the late phase of BMP signaling is associated with the repression of br mRNA in the dorsolateral patches (Yakoby et al., 2008b) ; however, its role in eggshell morphology was not explicitly explored. Depletion of BMP signaling from the BR domain did not affect early BR patterning and operculum size; however, this perturbation deformed DAs' morphology (Fig. 5B , C) possibly due to late migration of BR cells (Fig. 5F′) . Interestingly, similar morphologies were found by disrupting Cad74A, a cadherin gene regulated by BMP signaling that was found to be important for proper eggshell morphology (Zartman et al., 2008) . BMP signaling regulates cadherins in the pupal retina of D. melanogaster (Cordero et al., 2007) and in the human renal epithelial cells (Veerasamy et al., 2009) . We propose that late BMP signaling is involved in the morphological processes of DAs' formation by affecting cell adhesion molecules. Other cadherin genes are expressed or repressed in the DAs' forming cells (Zartman et al., 2009) , and it will be interesting to study how their regulation by BMP signaling affects DAs' morphogenesis.
Supplementary materials related to this article can be found online at: doi:10.1016/j.ydbio.2011.03.005.
